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Metal-supported  solid  oxide  fuel  cells  are  believed  to  have  commercial  advantages  compared  to  con¬ 
ventional  anode  (Ni-YSZ)  supported  cells,  with  the  metal-supported  cells  having  lower  material  costs, 
increased  tolerance  to  mechanical  and  thermal  stresses,  and  lower  operational  temperatures.  The  imple¬ 
mentation  of  a  metallic  support  has  been  challenged  by  the  need  to  revise  the  cell  fabrication  route,  as 
well  as  electrode  microstructures  and  material  choices,  to  compete  with  the  energy  output  and  stability 
of  full  ceramic  cells. 

The  metal-supported  SOFC  design  developed  at  Riso  DTU  has  been  improved,  and  an  electrochemical 
performance  beyond  the  state-of-the-art  anode-supported  SOFC  is  demonstrated  possible,  by  introducing 
a  CGO  barrier  layer  in  combination  with  Sr-doped  lanthanum  cobalt  oxide  (LSC)  cathode.  Area  specific 
resistances  (ASR)  down  to  0.27  £2 cm2,  corresponding  to  a  maximum  power  density  of  1.14Wcm-2  at 
650  °C  and  0.6  V,  were  obtained  on  cells  with  barrier  layers  fabricated  by  magnetron  sputtering.  The 
performance  is  dependent  on  the  density  of  the  barrier  layer,  indicating  Sr2+  diffusion  is  occurring  at  the 
intermediate  SOFC  temperatures.  The  optimized  design  further  demonstrate  improved  durability  with 
steady  degradation  rates  of  0.9%  kh_1  in  cell  voltage  for  up  to  3000  h  galvanostatic  testing  at  650  °C  and 
0.25  A  cm-2. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Solid  oxide  fuel  cells  are  high-temperature  electrochemical 
devices  converting  the  chemically  bound  energy  of  e.g.  hydrogen, 
methanol,  ammonia,  natural  gas  or  biogas,  directly  into  electric 
energy  and  heat.  Inherently,  the  technology  offers  high  efficiencies 
and  fuel  flexibility,  and  is  therefore  an  attractive  energy  conversion 
technology. 

The  primary  challenges  for  the  commercialization  of  the  tech¬ 
nology  are  considered  to  be  costs  and  durability.  To  accommodate 
this,  research  is  pushing  towards  lower  cell  operation  temper¬ 
ature  (intermediate  temperature  SOFC,  IT-SOFC)  in  the  range  of 
500-700  °C.  The  lower  temperatures  involve  advantages  such  as 
wider  and  cheaper  choice  of  materials  (e.g.  metals),  increased  mate¬ 
rial  durability,  and  increased  system  stability  [1-3]. 

Metal-supported  SOFCs  are  attractive  cell  designs  for  intermedi¬ 
ate  temperature  operation.  In  addition  to  lower  material  cost  of  the 
metal,  the  metal-supported  cells  promise  higher  robustness  due  to 
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higher  thermal  conductivity  compared  to  ceramic  supported  SOFC, 
and  the  ductility  of  a  metallic  substrate.  The  improved  robustness 
is  advantageous  in  both  the  fabrication  line  as  well  as  during  opera¬ 
tion.  For  some  applications,  such  as  APU  (auxiliary  power  unit)  and 
other  small-scale  systems,  tolerance  to  dynamic  operation,  includ¬ 
ing  fast  start-up,  thermal  cycling,  electric  load  transients,  redox 
cycling,  and  shock  vibrations,  is  essential  [3,4]. 

The  metal-supported  SOFC  development  has  been  widely  chal¬ 
lenged  by  the  cell  fabrication.  The  classical  and  cheap  wet  ceramic 
processing  combined  with  co-sintering  requires  the  sintering  to  be 
carried  out  in  reducing  atmosphere,  to  avoid  corrosion  of  the  steel 
component  at  the  high  sintering  temperatures  needed  for  densi- 
fication  of  the  electrolyte.  Alternatively,  more  complex  methods 
can  be  used  to  deposit  the  electrolyte  layer  on  a  preformed  or 
presintered  metal  substrate,  these  including  pulsed  laser  deposi¬ 
tion,  electrophoretic  deposition,  plasma-  and  flame-spray  [3-5]. 

Furthermore,  the  conventional  and  good-performing  Ni-YSZ 
(yttria-stabilized  zirconia)  anode  is  not  compatible  with  co¬ 
sintering  in  reducing  atmosphere.  These  sintering  conditions  will 
induce  detrimental  Ni  coarsening  and  Ni-Fe-Cr  interdiffusion,  con¬ 
sequently  degrading  performance  and  material  stability  [3, 4, 6, 7]. 
Also,  the  conventional  cathode  materials  cannot  be  transferred 
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directly  to  metal-supported  SOFCs.  The  cathode  materials,  such 
as  LSM  ((La,Sr)Mn03)  and  LSCF  ((La,Sr)(Co,Fe)03),  typically  require 
sintering  at  temperatures  above  1000  °C  to  perform  well  and  bond 
to  the  electrolyte.  However,  they  are  not  stable  in  reducing,  inert 
or  vacuum  atmosphere,  which  is  required  to  avoid  oxidation  of  the 
metal-support  during  the  cathode  sintering  [3]. 

A  route  to  meet  the  electrode  processing  challenges  has  been 
to  introduce  catalyst  impregnation.  A  metal-supported  cell  design 
based  on  a  sintered  layered  structure  with  metal-support/porous 
YSZ  layer/dense  YSZ  electrolyte/porous  YSZ  layer  was  developed 
by  LBNL  [3,8].  The  porous  YSZ  layers  were  subsequently  impreg¬ 
nated  with  Ni  and  LSM,  which  then  act  as  catalyst  and  electronic 
conductor  for  respectively  the  anode  and  the  cathode.  High  ini¬ 
tial  performance  (up  to  1  Won-2  at  650 °C)  was  obtained,  but  the 
structure  was  not  stable,  with  degradation  ascribed  to  sintering  of 
the  impregnated  Ni  anode.  The  poor  stability  of  Ni  impregnation 
based  anodes  has  also  been  demonstrated  on  symmetric  anodes 
[9].  Improved  durability  has  been  obtained  with  metal-supported 
cermet  backbone  anodes  impregnated  with  Gd-doped  ceria  (CGO) 
and  minor  amounts  of  Ni.  Galvanostatic  testing  for  lOOOh  with  a 
moderate  degradation  rate  of  4.5%  kh-1 ,  and  initial  performance 
up  to  0.4  W cm-2  at  650  °C  is  reported  with  this  design  [4].  The 
co-impregnation  of  nickel  and  ceria  resulted  in  enhanced  anode 
stability  and  performance,  which  has  also  been  observed  on  con¬ 
ventional  Ni-YSZ  anodes  [10]. 

Mixed  ionic  and  electronic  conductors,  such  as  LSC  ((La,Sr)Co03 ) 
and  LSCF,  are  high  performing  cathode  compositions  at  intermedi¬ 
ate  temperatures  [2,11-16].  Cathodes  of  these  compositions  have 
been  applied  to  metal-supported  SOFCs  by  either  plasma  spray,  or 
in  situ  sintering  during  cell  testing  to  avoid  corrosion  of  the  metal- 
support  during  the  sintering  [1,3,4,17].  However,  the  cobalt-based 
cathode  materials  may  not  be  stable  in  conjunction  with  the  YSZ 
electrolyte,  and  react  to  form  low  conducting  zirconates  during 
fabrication  and  operation.  The  reaction  is  known  to  take  place  at 
high  cathode  sintering  temperatures  >1000°C  [2,18],  but  has  also 
been  indicated  at  intermediate  SOFC  temperatures  ranging  down 
to  650°C  [15,19]. 

From  full  ceramic  SOFCs  it  is  known  that  the  detrimental  inter¬ 
face  reaction  can  be  avoided  by  a  CGO  diffusion  barrier  layer 
between  the  cathode  and  the  electrolyte.  The  CGO  must  be  applied 
by  a  lower  temperature  process  to  avoid  interaction  between  CGO 
and  YSZ,  which  starts  at  1000  °C,  and  forms  poorly  conductive  solid 
solution  phases  [2,20,21].  For  ceramic  SOFCs,  the  barrier  layers 
have  been  applied  by  screen-printing  combined  with  a  sintering 
step,  and  physical  vapor  deposition  (PVD)  techniques  such  as  mag¬ 
netron  sputtering,  electron  beam  evaporation,  and  pulsed  laser 
deposition  [2,14,18,22].  However,  the  depositions  are  carried  out  at 
temperatures  around  700-800  °C  [16,18,19,22],  which  is  too  high 
for  metal-supported  SOFCs  to  avoid  corrosion  of  the  metal. 

In  the  present  study,  metal-supported  SOFCs  fabricated  by  co¬ 
sintering  of  metal-support,  cermet  backbone,  and  electrolyte,  are 
investigated.  The  cell  design  include  impregnation  of  the  cermet 
backbone  with  CGO-Ni  to  form  the  active  anode,  and  in  situ  sintered 
LSCF-CGO  (composite)  or  LSC  cathode,  in  combination  with  a  CGO 
barrier  layer  fabricated  at  a  temperature  below  450  °C.  The  inves¬ 
tigation  focuses  on  the  electrochemical  performance  and  stability 
of  cells  containing  different  barrier  layers  (spin-coated,  magnetron 
sputtered),  and  different  cermet  backbones. 


2.  Experimental 

The  half  cell  (i.e.  metal  support,  anode,  electrolyte)  processing 
and  infiltration  route,  described  in  detail  in  [4],  was  also  used  in 
this  study.  This  involved  tape  casting  of  the  layers:  metal-support  (a 
Cr-based  stainless  steel  alloy),  cermet  backbone  (with  0-50  vol.%  Y- 


doped  Zr02  with  respect  to  metal),  and  electrolyte  (ScYSZ,  i.e.  Zr02 
co-doped  with  Sc203  and  Y203 ),  and  then  co-sintering  of  the  layers 
in  a  reducing  atmosphere  (H2/Ar).  After  co-sintering,  the  porous 
metal-support  and  cermet  were  infiltrated  with  the  electrocatalytic 
active  phases  (Ce0.8Gd0.2Oi.9  and  Ni)  to  form  the  active  anode  (fuel 
electrode). 

Half  cells  containing  three  different  cermets  were  fabricated  to 
investigate  the  effect  of  different  volume  fractions  of  doped  zirconia 
in  the  cermet  on  the  performance  of  the  cell.  The  main  microstruc- 
tural  effect  of  varying  the  ceramic  part  is  changing  the  specific 
surface  area  of  the  cermet  backbone.  The  three  selected  cermet 
backbones  are  denoted  CM1,  CM2,  CM3,  and  the  amount  of  doped 
zirconia  in  the  cermet  was  varied  from  20  to  50  vol.%,  with  CM1  in 
the  higher  range,  CM2  in  the  lower  range,  and  CM3  in  the  middle 
range.  Samples  of  the  cermet  layers  were  prepared  and  sintered 
individually  for  specific  surface  area  characterization  (BET). 

Some  of  the  sintered  half  cells  were  provided  with  a  PVD  bar¬ 
rier  layer  of  CGO10  (Ceo.9Gdo.i02_5)  on  top  of  the  electrolyte  layer. 
The  samples  were  pre-heated  to  ca.  450  °C  to  clean  the  surface 
before  the  deposition,  which  was  started  and  carried  out  at  the 
same  temperature.  Reactive  pulsed  DC  magnetron  sputtering  with 
an  industrial  CemeCon  CC800/9  Sinox  unit  was  used  for  the  pro¬ 
cess.  Targets  with  a  composition  of  88.9  atom%  Ce  and  11.0  atom% 
Gd  was  used  (Testbourne  Ltd.,  Hampshire,  UK),  and  the  sputtering 
was  done  in  unipolar  pulsed  DC  mode,  in  Ar/Kr  gas  mixture  with 
02  as  reactive  gas,  and  with  a  total  chamber  pressure  of  ca.  0.4  Pa. 
The  cells  were  mounted  on  a  two-fold  rotation  table  with  a  bipo¬ 
lar  substrate  bias  of  50  V  (Pinnacle  Plus  supply,  Advanced  Energy). 
The  cells  were  either  in  electric  contact  with  the  table,  or  insulated 
from  the  table  with  a  non-conductive  plate,  and  the  obtained  films 
are  referred  to  as  “PVDe”  and  “PVDi”,  respectively. 

Both  cells  with  PVD  layer  and  cells  without,  were  applied  with  a 
spin-coated  CGOlO-based  layer,  acting  as  either  an  additional  bar¬ 
rier  layer,  or  as  the  first  barrier  layer.  The  layer  will  be  referred  to 
as  “Spin”.  The  wet  route  spin-coating  approach  described  in  [23] 
was  applied  using  a  2500  rpm  rotation  speed  for  45  s,  and  the  spin- 
coated  layer  was  subsequently  calcined  at  350  °C. 

The  final  step  in  the  fabrication  is  applying  the  cathode 
layer  by  screen-printing.  Cathodes  with  composition  50  vol.% 
CGO-50 vol.%  LSCF  (Lao.58S%4C°o.2Feo.803-5_Ceo.9Gdo.i02_($)  or 
LSC  ((Lao.6Sr0.4)o.99Co03_s)  were  applied.  The  layers  were  fired 
in  situ  during  cell  testing  at  maximum  temperature  of  800  °C. 

Cells  with  a  foot  print  of  5  cm  x  5  cm  and  an  active  area  of  1 6  cm2 
(will  be  referred  to  as  16  cm2  cells),  and  cells  with  2  cm  x  2  cm  foot 
print  and  0.5  cm2  active  area  (will  be  referred  to  as  0.5  cm2  cells), 
were  tested  electrochemically,  with  the  active  area  being  defined 
by  the  screen-printed  cathode.  The  cells  were  tested  in  set-ups 
designed  for  the  two  different  cell  sizes,  which  are  described  in 
more  detail  in  [1,4]  and  references  therein.  The  main  difference 
between  the  two  set-ups  is  the  gas  flow  geometry  and  thus  the 
contacting  of  the  cell.  In  both  cases,  platinum  meshes  are  used  as 
contact  components,  and  in  the  small  set-up,  alumina  tubes  are 
used  to  lead  the  gas  flow  perpendicular  onto  the  0.5  cm2  cell  and 
the  mesh  can  be  placed  flat  and  parallel  with  the  cell.  The  big  cells 
on  the  other  hand,  are  tested  in  a  test  house,  where  the  gas  flow  is 
laminar  and  parallel  with  the  cell.  In  this  case,  corrugated  Pt  meshes 
acting  as  combined  current  collector  and  gas  distributor  is  used. 

Polarization  curves  and  impedance  data  were  collected  in  the 
temperature  range  650-750  °C,  with  fuel  consisting  of  4-20  vol.% 
H20  on  the  anode  side,  and  air  or  02  on  the  cathode  side.  The 
air  side  flow  was  128  Lh-1  (or  8Lh-1cm-2  for  16  cm2  cell)  and 
6  L  h- 1  (or  1 2  L  h- 1  cm-2  for  0.5  cm2  cell),  and  the  fuel  flow  20  L  h- 1 
(or  1.25Lh-1cm-2  for  16cm2  cell)  and  6Lh_1  (or  12Lh-1cm-2 
for  0.5  cm2  cell).  Long-term  galvanostatic  durability  testing  was 
carried  out  at  650  °C,  a  current  density  of  0.25  A  cm-2,  and  low 
fuel  (H2  +4%  H20)  and  oxygen  utilization  (<10%).  The  impedance 
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Table  1 

Summary  and  nomenclature  of  the  fabricated  cells  including  tested  characteristics.  BET  indicates  the  specific  surface  area.  The  initial  ASR  is  recorded  at  650  °C  and  calculated 
as  the  secant  value  at  0.6  V.  Measured  degradation  rates  are  shown  the  relative  decrease  in  cell  voltage  at  650  °C  and  0.25  A  cm-2  (%kh-1),  and  the  absolute  increase  in 
resistance  (Q  cm-2  kfr1 )  is  shown  in  brackets.  (-)  indicates  that  degradation  tests  were  not  performed. 


Name 

Size  (cm2) 

Cermet 

Cermet  BET  (m2  g_1 ) 

Cathode  barrier  layer 

Cathode 

ASR(C2cm2) 

Degradation 
(%kh_1)  or 
[£2crrr2  kh-1] 

CM2-Spin-LSCF  #1 

0.5 

CM2 

0.23 

Spin 

LSCF-CGO 

0.52 

- 

CM2-Spin-LSCF  #2 

0.5 

CM2 

0.23 

Spin 

LSCF-CGO 

0.56 

- 

CM2-Spin-LSC 

0.5 

CM2 

0.23 

Spin 

LSC 

0.50 

- 

CMl-PVDe-LSC 

0.5 

CM1 

0.31 

PVDe  +  Spin 

LSC 

0.30 

- 

CMl-PVDi-LSC 

0.5 

CM1 

0.31 

PVDi  +  Spin 

LSC 

0.33 

- 

CM2-PVDe-LSC 

0.5 

CM2 

0.23 

PVDe  +  Spin 

LSC 

0.27 

- 

CM2-PVDi-LSC 

0.5 

CM2 

0.23 

PVDi  +  Spin 

LSC 

0.29 

- 

CM3-PVDe-LSC  #1 

0.5 

CM3 

0.35 

PVDe  +  Spin 

LSC 

0.34 

- 

CM3-PVDe-LSC  #2 

0.5 

CM3 

0.35 

PVDe  +  Spin 

LSC 

0.31 

1.3  [0.053] 

CM1-LSCF-16 

16 

CM1 

0.31 

None 

LSCF-CGO 

0.82 

4.5  [0.150] 

CM2-Spin-LSCF-1 6 

16 

CM2 

0.23 

Spin 

LSCF-CGO 

0.64 

0.9  [0.036] 

CM3-PVDe-LSC-l  6 

16 

CM3 

0.35 

PVDe  +  Spin 

LSC 

0.56 

1.4  [0.050] 

data  were  recorded  with  a  Solartron  1260  Gain-Phase  Analyzer 
(Solartron  Instruments,  Houston,  TX),  using  5  mA  amplitude,  in  the 
frequency  range  0.08  Hz  -  82.5  kHz.  The  data  sets  were  corrected 
for  inductance  in  the  set-up,  determined  within  2%  error,  using 
Kramers-Kronig  relation. 

The  specific  surface  area  (BET)  of  single  cermet  layers  was  mea¬ 
sured  with  an  Autosorb  1  (Quantachrome  Instruments,  Florida), 
and  the  surface  areas  were  determined  from  BET  isotherms  using 
krypton  adsorption  at  78  K.  Each  measurement  was  repeated  twice, 
and  in  some  cases  also  repeated  with  nitrogen  adsorption  at  78  K. 

Samples  for  SEM  investigations  were  vacuum  embedded  in 
Epofix  (Struers,  Denmark),  ground  and  polished  to  1  p,m,  and  coated 
with  carbon  to  eliminate  surface  charging  before  examination  in 
the  microscope.  Observations  were  made  with  a  Hitachi  TM1000 
tabletop  SEM,  a  Zeiss  Crossbeam  1 540XB,  a  Zeiss  Supra  25  equipped 
with  an  X-ray  energy  dispersive  spectrometer  (Carl  Zeiss,  Konstanz, 
Germany),  and  a  Nova  NanoSEM  600  (FEI  Compnay)  equipped  with 
an  X-ray  energy  dispersive  spectrometer  (XEDS),  and  the  XEDS  data 
were  recorded  with  EDAX  Genesis  software. 

An  overview  of  the  fabricated  and  tested  samples  is  seen  in 
Table  1,  including  a  summary  of  the  characteristics  and  the  test 
results.  The  nomenclature  of  the  samples  introduced  in  Table  1  will 
be  used  in  the  following. 


No  major  degradation  features  were  observed  in  the  layers  or 
at  interfaces  during  post-test  SEM  microscopy,  except  similar  cor¬ 
rosion  structures  as  described  in  detail  in  [4]  were  observed  in 
the  anode  cermet.  In  [4]  the  corroded  cermet  microstructure  was 
ascribed  to  the  increase  in  p02  during  operation  due  the  produced 
steam.  The  corrosion  in  these  cells  could  also  be  caused  by  leaks, 
such  as  gas  leakages  through  sealing  or  electrolyte  and  electronic 
short-circuits.  However,  the  measured  equivalent  leak  currents 
were  small  (0.5-40  mAcrn-2),  flow  independent,  and  relative  con¬ 
stant  over  time,  and  therefore  negligible  compared  to  the  amount 
of  water  formed  during  the  galvanostatic  test  with  current  load  of 
0.25  A  cm-2.  A  more  quantitative  analysis  of  the  corrosion  features 
and  the  mechanisms  will  require  e.g.  detailed  TEM  and  STEM  (scan¬ 
ning  transmission  electron  microscopy),  which  is  outside  the  scope 
of  this  paper. 

No  reactions  between  cathode  and  electrolyte  were  detected 
at  the  interfaces  during  post-test  SEM-EDS  analyses.  However,  this 
may  solely  be  due  to  the  resolution  limit  in  the  SEM-EDS.  From  liter¬ 
ature  it  is  well-known  that  the  potential  zirconate  reaction  product 
(SrZrOs)  is  difficult  to  distinguish.  Even  for  ceramic  SOFCs  with 
cobalt-based  cathodes,  which  experienced  much  higher  process¬ 
ing  temperatures  and  thus  more  extensive  zirconate  formation,  the 


3.  Results  and  discussion 

3.1.  Microstructural  characterization 

A  cross-sectional  micrograph  of  a  co-sintered  half  cell  is  seen  in 
Fig.  1 .  The  metal-support  is  the  thicker  porous  layer  to  the  right,  and 
the  dense  electrolyte  is  seen  to  the  left.  In-between  is  the  porous 
anode  cermet  layer  (CM3  in  Fig.  1)  into  which  the  electrocatalytic 
active  and  mainly  ionic  conducting  CGO-Ni  phase  is  impregnated. 
The  cermet  backbone  structure  is  characterized  by  the  specific 
surface  area.  Sintered  samples  of  the  single  cermet  layers  were 
characterized  with  BET,  and  the  variations  in  the  composition  and 
ratio  of  the  cermet  layer,  resulted  in  microstructures  with  specific 
surface  areas  of  respectively  0.31  m2  g-1  (CM1 ),  0.23  m2  g-1  (CM2), 
and  0.35  m2g-1  (CM3)  (cf.  Table  1). 

SEM  micrographs  of  the  three  types  of  barrier  layer  are  seen 
in  Fig.  2.  Homogeneous  coatings  are  obtained  with  the  magnetron 
sputtering  in  combination  with  the  two-fold  rotation  table,  and  fur¬ 
thermore,  the  layers  appear  relative  dense  with  PVDi  appearing  a 
bit  less  dense  (cf.  Fig.  2a)  than  PVDe  (cf.  Fig.  2b).  In  contrast,  the  spin- 
coated  barrier  layer  is  both  uneven  in  thickness,  discontinuous  and 
porous  (cf.  Fig.  2c). 


Fig.  1.  SEM  image  of  a  polished  cross-section  of  a  co-sintered  half  cell.  The  dense 
layer  to  the  left  is  the  electrolyte,  followed  by  the  cermet  layer  (CM3),  and  the  metal- 
support. 
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Fig.  2.  SEM  images  of  the  different  CGO  barrier  layers  (a)  PVDi,  (b)  PVDe  and  (c) 
Spin. 


zirconate  phase  appeared  as  nano-sized  islands  only  discernable 
with  TEM  [2,18].  For  lower  temperature  processing  and  -test,  zir- 
conates  have  only  been  detected  indirectly  using  GAXRD  (glancing 
angle  X-ray  diffraction)  and  TEM  e-beam  diffraction  [19],  or  SIMS 
(secondary  ion  mass  spectrometry)  which  indicated  a  SrZr03  rich 
phase  in  the  depth  profile  with  a  thickness  of  ca.  1 50  nm,  formed  at 
the  LSC-YSZ  interface  after  3800 h  at  700  °C  [15].  For  the  samples 
in  this  study,  either  advanced  TEM  or  SEM  is  believed  required  to 
distinguish  any  formed  zirconates.  With  advanced  SEM  microscopy 
with  a  field  emission  gun  equipped  with  WDS  detectors,  a  chemi¬ 
cal  resolution  below  100  nm  is  possible.  Such  advanced  studies  are 
outside  the  scope  of  this  paper  but  are  in  progress  for  further  verifi¬ 
cation  of  the  interface  composition,  and  will  be  reported  in  a  future 
publication. 

Micrographs  of  the  two  types  of  cathodes  are  seen  in  Fig.  3. 
The  LSC  cathode  appears  very  homogeneous  (cf.  Fig.  3a),  whereas 
the  composite  LSCF-CGO  is  less  well  packed  and  contains  coarser 
porosities  and  agglomerates  (cf.  Fig.  3b). 

3.2.  Electrochemical  characterization  of  0.5  cm2  active  cells 

Polarization  curves  recorded  at  650  °C  for  button  cells  with 
either  LSCF-CGO  or  LSC  cathodes  are  shown  in  Fig.  4.  The  cells  con¬ 
tain  in  all  cases  CM2  cermet  and  a  (porous)  spin-coated  barrier 
layer.  The  difference  between  the  two  identical  cells,  CM2-Spin- 
LSCF  #1  and  #2,  is  the  maximum  start-up  temperature  during  cell 


Fig.  3.  Post-test  micrographs  of  (a)  LSC  cathode  and  (b)  the  composite  LSCF-CGO 
cathode. 


test,  which  was  50  °C  lower  for  CM2-Spin-LSCF  #1  than  for  all  other 
tested  cells  in  this  study.  Very  similar  performance  of  the  cells  is 
seen,  with  the  initial  area  specific  resistance  (ASR,  calculated  as 
the  secant  value  at  0.6  V)  varying  between  0.50  and  0.56  £2  cm2  (cf. 
Fig.  4  and  Table  1 ).  The  best  performance  was  obtained  with  the 
LSC  cathode  (0.50  £2  cm2).  Furthermore,  a  slightly  lower  ASR  was 
obtained  for  CM2-Spin-LSCF  #1  that  experienced  50  °C  lower  start¬ 
up  temperature  than  for  CM2-Spin-LSCF  #2  (0.52  £2  cm2  versus 
0.56  £2  cm2). 

The  LSC  cathode  is  known  to  perform  better  at  intermediate 
temperatures  than  pure  LSCF  due  to  the  higher  electrical  conduc¬ 
tivity  and  higher  catalytic  activity.  In  [13]  the  maximum  power 
density  was  31%  higher  for  cells  containing  LSC  cathode  compared 
to  corresponding  cells  with  LSCF  cathode.  However,  for  the  cur¬ 
rent  metal-supported  cells,  the  difference  between  the  LSC  and 
LSCF-CGO  performance  is  less  than  12%.  The  comparable  perfor¬ 
mances  could  be  related  to  the  composite  LSCF-CGO  cathode.  The 
electrocatalytic  activity  of  LSCF  can  be  significantly  improved  by 
adding  a  highly  oxygen  ion  conducting  phases  such  as  Gd-doped 
Ce02  [24,25],  and  a  factor  of  10  decrease  in  polarization  resis- 


Fig.  4.  Electrochemical  performance  of  metal-supported  cells  with  0.5  cm2  active 
cell  area.  The  cells  contained  CM2  type  anode,  and  spin-coated  barrier  layer,  and 
either  LSCF-CGO  or  LSC  cathode.  The  data  were  recorded  at  650  °C  with  96%  H2-4% 
H20  as  fuel,  and  air  as  oxidant.  The  inserted  numbers  are  calculated  highest  and 
lowest  area  specific  resistance. 
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tance  has  been  reported  when  50  vol.%  CGO  was  added  to  LSCF  [26]. 
However,  the  cathode  performance  is  also  strongly  dependent  on 
the  microstructure  [27],  and  the  presence  of  agglomerates  such  as 
those  seen  in  the  composite  cathode  in  Fig.  3b,  will  decrease  the 
performance  significantly,  and  could  add  to  the  explanation  of  the 
similarity  to  the  LSC  cathode. 

Another,  or  additional,  explanation  to  the  observed  similar 
performance  of  the  two  different  cathode  materials,  is  zirconate 
formation.  Based  on  the  micrographs,  the  porous  spin-coated  bar¬ 
rier  layer  does  not  appear  capable  of  preventing  Sr-diffusion  (cf. 
Fig.  2c),  and  the  zirconate  formation  would  be  worse  in  the  case 
with  the  more  reactive  LSC.  This  would  result  in  a  lower  perfor¬ 
mance  with  the  LSC  cathode,  despite  the  homogeneous  appearance. 
Furthermore,  a  role  played  by  zirconates  is  indicated  by  the  slightly 
better  performance  of  the  cell  which  experienced  a  50  °C  lower 
start-up  temperature  (CM2-Spin-LSCF  #1),  and  thus  slightly  less 
favorable  conditions  for  zirconate  growth. 

Fig.  5  shows  polarization  characteristics  for  button  cells  with 
dense  PVD  barrier  layers  in  combination  with  LSC  cathode.  Com¬ 
pared  to  the  samples  in  Fig.  4,  the  ASR  values  are  decreased  with 
32-46%  (cf.  Table  1).  This  strongly  indicates  Sr-diffusion  and  zir¬ 
conate  formation  if  the  barrier  layer  is  not  dense,  as  in  the  case  with 
the  spin-coated  layers  (cf.  Fig.  4),  and  prevention  of  Sr-diffusion 
with  the  dense  PVD  layer  (cf.  Fig.  5).  Furthermore,  for  both  CM1 
and  CM2  based  cells,  slightly  lower  ASR  is  seen  with  PVDe  than 
PVDi,  and  this  corresponds  well  with  the  apparent  higher  den¬ 
sity  for  PVDe  (Fig.  2b)  compared  to  PVDi  (Fig.  2a).  The  lowest 
ASR  (0.27  £2 cm2)  corresponds  to  a  maximum  power  density  of 
1.14 Won-2,  which  is  a  performance  remarkably  better  than  for 
the  conventional  Ni-YSZ  supported  ceramic  cells  with  LSM-YSZ 
composite  cathode,  showing  ASR  in  the  range  of  0.5  £2  cm2  at  750  °C 
[28],  and  also  better  than  ceramic  cells  with  LSC  cathode  in  combi¬ 
nation  with  barrier  layer,  which  have  reported  ASR  of  0.37-0.64  at 
650°C  [29]. 

EIS  measurements  were  conducted  to  further  characterize  the 
cells.  Data  are  represented  with  Nyquist  plot  and  Bode  plot  of  the 
imaginary  part  of  the  complex  impedance  data.  The  Bode  plot  is 
further  combined  with  selected  ADIS  (analysis  of  differences  in 
impedance  spectra)  spectra.  ADIS  is  a  way  of  visualizing  differences 
between  two  spectra  by  looking  at  the  differences  between  the  real 
part  derivatives  of  the  two  Bode  spectra  [30].  Fig.  6a  shows  the  plots 
for  CM2  cells  with  different  barrier  layers,  and  the  corresponding 


Fig.  5.  Electrochemical  performance  of  metal-supported  cells  with  0.5  cm2  active 
cell  area.  The  cells  contained  different  types  of  anode  cermet  (CM1 ,2,3)  and  different 
types  of  PVD  barrier  layers  in  combination  with  spin-coated  CGO  and  LSC  cathode. 
The  data  were  recorded  at  650  °C  with  96%  H2-4%  H20  as  fuel,  and  air  as  oxidant. 
The  inserted  numbers  are  calculated  highest  and  lowest  area  specific  resistance. 
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Fig.  6.  (a)  Combined  Bode  and  ADIS  representations  of  CM2  based  cells  with  differ¬ 
ent  barrier  layers  in  combination  with  LSC  cathode,  (b)  The  corresponding  Nyquist 
plot. 

Nyquist  plot  is  seen  in  Fig.  6b.  Based  on  Fig.  6  it  appears  that  the 
higher  impedance  of  the  cell  with  only  spin-coated  barrier  layer 
(CM2-Spin-LSC  in  Fig.  4)  versus  the  cells  with  PVD  barrier  layers 
(CM2-PVDe-LSC  and  CM2-PVDi-LSC  in  Fig.  5)  originates  from  a  high 
frequency  process  in  the  10  kHz  range.  This  fits  well  with  the  pres¬ 
ence  of  a  zirconate  at  the  cathode  interface,  restricting  the  oxide 
ion  charge  transfer  processes  from  the  cathode  to  the  electrolyte. 
Cathode  charge  transfer  processes  are  known  to  occur  within  this 
frequency  range.  A  summit  frequency  around  1  kHz  at  750  °C  for 
LSCF-CGO  cathode  [26]  has  been  reported,  and  for  LSM-YSZ  cath¬ 
odes  at  850  °C,  a  summit  frequency  of  40  kHz  was  reported  [27]. 

Comparing  the  cells  with  PVDe  barrier  layer  in  Fig.  5,  a  slightly 
better  performance  is  seen  for  the  CM2  based  cell  than  for  CM1, 
which  again  is  slightly  better  than  the  CM3  based  cells.  The  order 
of  increase  in  performance  is  seen  to  correlate  with  the  decrease 
in  specific  surface  area  of  the  cermet  (cf.  Section  3.1  and  Table  1). 
The  combined  Bode  and  ADIS  representation  of  these  cells  and  the 
corresponding  Nyquist  plot  is  shown  in  Fig.  7a  and  b.  The  main  dif¬ 
ference  between  these  spectra  appear  in  the  low  frequency  range 
around  1  Hz.  Thus,  the  difference  between  the  corresponding  PVDe 
cells  with  different  cermets  does  not  appear  to  be  electrochemical 
but  due  to  minor  differences  in  the  gas  diffusion  in  porous  struc¬ 
tures,  which  is  a  known  process  occurring  in  this  frequency  range 
[4]. 

The  cells  were  also  characterized  using  EIS  measurements  at 
different  temperatures  (650-750  °C),  with  either  air  or  oxygen  as 
oxidant,  and  with  different  fuel  flows  (50,  100,  500  ml  min-1).  As 
an  example,  Nyquist  and  Bode  representations  of  the  impedance 
responses  of  the  cell  type  CM2-PVDe-LSC  are  displayed  in  Fig.  8a 
and  b.  Decreasing  the  temperature  (while  keeping  fuel  constant  at 
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Fig.  7.  (a)  Combined  Bode  and  ADIS  representations  of  cells  with  different  half  cell 
types  (CM1,2,3)  in  combination  with  PVDe,  spin-coated  CGO,  and  LSC  cathode,  (b) 
Corresponding  Nyquist  plot. 
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Fig.  8.  Electrochemical  impedance  data  for  a  CM2  based  cell  with  PVDe  and  LSC 
cathode  (CM2-PVDe-LSC).  Data  are  recorded  at  temperatures  650,  700,  750  °C,  with 
air  as  oxidant  and  humidified  hydrogen  (96%  H2-4%  H20)  as  fuel  with  standard 
flows  of  100  ml  min-1.  At  650  °C,  the  oxidant  was  changed  to  02,  and  the  fuel  flow 
was  varied  from  0.5  to  5  times  the  standard  flow  of  100  ml  min-1.  The  data  are 
represented  as  (a)  Nyquist  and  (b)  Bode  plot. 


Fig.  9.  Electrochemical  performance  of  metal-supported  cells  with  16  cm2  active 
cell  area,  different  cermet  backbone  (CM1,2,3),  barrier  layers  (none,  spin-coated, 
and  PVDe),  and  cathodes  (LSCF-CGO,  LSC).  The  curves  are  recorded  at  650  °C  with 
80%  H2-20%  H20  as  fuel,  and  air  as  oxidant.  The  inserted  numbers  are  the  calculated 
area  specific  resistance. 

100  ml  min-1  H2-4%  H2O  and  100  ml  min-1  air  as  oxidant)  results 
in  increasing  impedance,  with  the  increase  occurring  in  the  higher 
frequency  range  (>100  Hz).  Changing  oxidant  from  air  to  02  at  a 
constant  temperature  of  650  °C  is  also  seen  to  create  a  response  in 
the  range  of  above  100  Hz.  Initial  symmetrical  cell  testing  shows 
perfect  overlap  of  the  anode  and  cathode  electrochemical  pro¬ 
cesses,  complicating  deconvolution  in  this  case,  as  opposed  to 
conventional  ceramic  cells  with  Ni-YSZ  anode  and  LSM-YSZ  cath¬ 
ode,  where  the  electrode  processes  are  distributed  over  several 
decades  of  frequencies  [27].  Thus,  to  separate  the  processes  further, 
more  advanced  impedance  analyses  are  required.  DRT  (distribution 
of  relaxation  times)  data  treatment  combined  with  CNLS  (complex 
nonlinear  least  square)  fitting  may  be  used  to  achieve  a  complete 
deconvolution  of  these  types  of  cells,  but  is  outside  the  scope  of  this 
paper. 

The  low  frequency  end  of  the  impedance  spectra  in  Fig.  8 
appears  to  be  temperature  independent,  which  indicate  gas  con¬ 
centration  related  impedances  (diffusion  and  possibly  conversion). 
Since  the  spectra  appears  to  be  only  slightly  sensitive  to  varia¬ 
tions  in  the  fuel  flow  at  constant  temperature  of  650  °C,  with  lower 
flow  (50  ml  min-1)  resulting  in  a  slight  increase,  and  higher  flow 
(500  ml  min-1)  in  a  slight  decrease,  diffusion  in  the  porous  struc¬ 
tures  is  indicated  to  be  the  main  contributor  to  this  part.  For  further 
details  on  diffusion  and  conversion  impedances  see  [31,32]. 

3.3.  Electrochemical  characterization  of  16  cm2  active  cells 

Some  of  the  button  cell  tests  have  been  reproduced  on  a  16  cm2 
cell  level  (cf.  Table  1 ).  Fig.  9  shows  the  polarization  curves  for  the  cell 
design  CM2  with  only  spin-coated  barrier  layer  in  combination  with 
LSCF-CGO  cathode,  and  CM3  with  PVDe  in  combination  with  LSC 
cathode.  For  comparison,  the  previously  reported  data  on  a  16  cm2 
cell  with  CM1  without  any  barrier  layer  and  LSCF-CGO  cathode  [4] 
is  included  in  the  graph.  The  data  are  recorded  at  650  °C  with  80% 
H2-20%  H20  as  fuel,  and  air  as  oxidant. 

For  these  cells,  the  best  performance  (ASR  0.56 £2 cm2)  is 
observed  for  the  CM3  with  the  dense  PVDe  barrier  layer,  and  the 
high  performing  homogeneous  LSC  cathode.  Though,  it  is  not  in  the 
same  range  as  for  the  corresponding  button  cells  (ASR  0.34  £2  cm2, 
cf.  Fig.  5  and  Table  1),  it  is  the  best  performance  demonstrated 
and  reported  on  the  16  cm2  metal-supported  cell.  For  the  other 
tested  16  cm2  cells  (CM1-LSCF-16  and  CM2-Spin-LSCF-16),  a  sim- 
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Fig.  10.  Electrochemical  impedance  data  for  corresponding  CM3  cells  with  active 
areas  of  0.5  and  1 6  cm2,  respectively.  Data  are  recorded  at  temperatures  650  °C,  and 
with  air  as  oxidant,  and  humidified  hydrogen  (96%  H2-4%  H20)  as  fuel.  The  data  are 
represented  as  (a)  Nyquist  and  (b)  Bode  plot. 

ilar  discrepancy  to  the  corresponding  button  cell  performance  is 
observed. 

The  disagreements  between  the  different  cell  levels  are  believed 
to  be  related  to  contacting  issues  in  the  16  cm2  cell  test  set-up.  As 
described  in  Section  2,  the  contacting  of  the  16  cm2  cells  is  based 
on  corrugated  platinum  meshes  acting  as  combined  current  col¬ 
lector  and  gas  distributor.  To  facilitate  the  latter,  the  mesh  must 
not  experience  much  pressure  as  it  will  collapse,  but  still  needs 
some  pressure  to  have  stable  contact  to  the  cell  and  outer  test 
house.  For  the  0.5  cm2  button  cells  on  the  other  hand,  the  con¬ 
tacting  area  is  smaller  and  the  current  collecting  platinum  mesh 
is  planar  and  not  pressure  dependent,  since  the  gas  flow  in  this  set¬ 
up  is  perpendicular  to  the  cell,  as  opposed  to  parallel  in  the  16  cm2 
set-up.  Fig.  10  shows  Nyquist  and  Bode  plot  for  corresponding  CM3 
based  cells,  where  the  only  difference  is  the  active  area  of  0.5  and 
16  cm2,  respectively.  It  is  seen  that  the  Nyquist  plot  of  the  16  cm2 
cell  is  shifted  to  the  right,  and  in  addition  shows  higher  polariza¬ 
tion  resistance.  This  strongly  indicates  current  constriction/current 
distribution  issues  with  the  16  cm2  corrugated  mesh  set-up.  Lim¬ 
ited  current  distribution  is  known  to  be  associated  with  higher 
serial  resistance,  as  well  as  higher  polarization  resistance  due  to  the 
lower  effective  electrode  area.  The  inadequate  current  distribution 
phenomenon  is  analogous  to  the  well-described  situation  present 
when  measurements  are  conducted  on  thin  films  with  significant 
sheet  resistance,  cf.  [33]. 

The  16  cm2  contacting  route  with  corrugated  meshes  is  well- 
established  for  full  ceramic  cells,  e.g.  used  in  [27,28],  and  the 
observed  current  distribution  issues  associated  with  the  set-up  in 
this  case  is  therefore  believed  to  be  related  to  the  in  situ  sintered 
cathodes.  Cathodes  that  are  not  fully  sintered  (as  the  cathodes  in 
this  study  which  experienced  maximum  800  °C  for  a  short  amount 
of  time)  may  change  conductivity  as  well  as  dimension  with  time, 
even  at  constant  temperature.  Thus,  the  critical  pressure  on  the 
mesh  to  establish  sufficient  contact  may  vary  with  time,  but  in  the 
set-up  the  pressure  is  fixed  from  the  beginning.  To  verify  and  avoid 
the  issue  with  contacting  further,  alternative  contacting  routes  are 
being  investigated  for  future  cells  to  be  tested  with  in  situ  sintered 
cathodes. 


Fig.  11.  Galvanostatic  durability  curves  of  the  metal-supported  cells  with  active 
areas  of  0.5  or  16  cm2,  tested  at  650  °C  with  a  current  density  of  0.25  A  cm-2,  and 
96%  H2-4%  H20  as  fuel,  and  air  as  oxidant.  Both  the  CM3  based  cells  have  PVDe 
and  spin-coated  barrier  layers  in  combination  with  LSC  cathode.  The  CM1  and  CM2 
based  cells  have  LSCF-CGO  cathodes,  and  CM2  has  a  spin-coated  barrier  layer. 

Despite  the  limitations  of  the  set-up,  some  of  the  best  reported 
1 6  cm2  cell  test  could  be  obtained,  as  well  as  durability  data.  Fig.  1 1 
shows  the  evolution  in  cell  voltage  over  time  for  the  16  cm2  cells 
with  different  designs  (cf.  Table  1).  For  comparison,  the  previously 
reported  durability  of  the  CM1  based  cell  in  [4]  has  been  included, 
as  well  as  the  curve  for  a  button  cell  with  low  ASR.  The  stability  tests 
were  in  all  cases  carried  out  at  a  current  density  of  0.25  A  cm-2,  at 
650 °C,  and  with  96%  H2-4%  H20  as  fuel,  and  air  as  oxidant  (fuel 
and  oxygen  utilization  below  10%). 

A  significant  improvement  in  stability  is  seen  for  the  CM2  and 
CM3  based  cell  design,  irrespective  of  the  quality  of  barrier  layer, 
the  cathode  or  the  cell  size.  In  the  best  case  (CM2-Spin-LSCF-1 6),  the 
degradation  is  improved  to  0.9%  kh-1  compared  to  the  4.5%  kh-1 
observed  for  the  first  CM1  based  cell.  Furthermore,  the  degradation 
rate  of  0.9%  kfr 1  is  demonstrated  to  be  steady  for  up  to  3000  h  test 
under  the  selected  test  conditions. 

The  slightly  better  stability  observed  for  the  cell  with  only  spin- 
coated  barrier  layer  (CM2-Spin-LSCF-16,  0.9%  kh-1)  compared  to 
the  cells  with  PVDe  barrier  layers  (CM3-PVDe-LSC-16  and  CM3- 
PVDe-LSC,  1.3-1.4%kh_1),  indicates  that  the  main  degradation 
mechanism  is  not  continous  zirconate  growth.  Also,  the  similar 
degradation  rates  of  the  corresponding  CM3  cells  of  size  0.5  and 
16  cm2  suggest  that  degradation  in  the  contacting  degree  over 
time  of  the  16  cm2  is  not  an  issue.  The  most  likely  degradation 
mechanisms  are  believed  to  be  anode  cermet  corrosion,  as  previ¬ 
ously  suggested  in  [4],  or  related  to  changes  in  the  in  situ  sintered 
cathodes.  The  cells  were  characterized  by  EIS  after  the  durability 
testing,  but  due  to  the  overlapping  electrode  processes,  in  com¬ 
bination  with  the  low  degradation,  further  characterization  of  the 
degradation  mechanisms  were  not  possible  in  this  study.  Detailed 
electrochemical  analyses  including  symmetrical  cell  test  are  in 
progress  and  will  be  reported  in  a  future  publication.  It  is  however 
indicated  that  anode  corrosion  partly  explains  the  degradation, 
since  slightly  higher  degradation  rates  are  seen  for  CM3  (and  CM1 ), 
which  have  higher  anode  surface  area  compared  to  CM2  (cf.  Sec¬ 
tion  3.1  and  Table  1),  and  thereby  also  have  a  higher  surface  areas 
exposed  during  cell  operation. 

4.  Conclusions 

The  metal-supported  SOFC  design  developed  at  Riso  DTU 
is  demonstrated  to  have  electrochemical  performance  poten¬ 
tial  beyond  the  state-of-the-art  anode-supported  SOFC.  This  is 
achieved  by  introducing  a  dense  CGO  barrier  layer  in  combination 
with  Sr-doped  lanthanum  cobalt  oxide  (LSC)  cathode.  Area  specific 
resistances  (ASR)  down  to  0.27  £2  cm2,  corresponding  to  a  maxi¬ 
mum  power  density  up  to  1.1 4  W cm-2  at  650  °C  can  be  obtained 
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with  barrier  layers  fabricated  by  magnetron  sputtering.  The  initial 
performance  depends  on  the  density  of  the  barrier  layer,  indicat¬ 
ing  that  Sr2+  diffusion  and  SrZr03  formation  is  an  issue  even  at  the 
investigated  intermediate  SOFC  temperature. 

Significant  improvement  in  stability  of  the  metal-supported 
design  is  also  demonstrated  possible.  Steady  degradation  rates  of 
0.9%  kh-1  in  cell  voltage,  corresponding  to  a  resistance  increase 
of  0.036  £2  cm-2  kh-1 ,  for  up  to  3000  h  galvanostatic  testing 
at  650  °C  was  observed.  Anode  corrosion  in  combination  with 
changes  in  the  in  situ  sintered  cathode  are  possible  degradation 
mechanisms. 
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